Introduction
Human respiratory syncytial virus (RSV) is the most common cause of severe respiratory tract infection in young infants worldwide. By the age of 2 years most infants will have encountered the virus and the majority will have had a mild illness with only 2% requiring hospital admission. 1 The reasons why some infants are more severely affected by RSV infection than others remains incompletely understood.
One candidate gene implicated in the host susceptibility to RSV-induced bronchiolitis is interleukin-8 (IL-8), which is a member of the CXC chemokine family. 2 IL-8 contributes to the activation and migration of neutrophils that characterize the inflammatory infiltrates seen in the airways of affected individuals. 3, 4 IL-8 is present in nasal secretion 5 and tracheal aspirate 6 samples from patients with RSV infection. Moreover, the concentration of IL-8 transcript in nasopharyngeal secretions from affected infants is significantly associated with disease severity. 7 However, the secretion of IL-8 from infected epithelia could be a consequence of airway damage rather than the cause.
Our laboratory has previously tried to address this question by looking at the functional consequences of genetic variability of the IL-8 locus. We have shown that a common single-nucleotide polymorphism (SNP) in the IL-8 promoter at position À251, relative to the transcription start site is associated with susceptibility to severe RSV-induced bronchiolitis (transmission/disequilibrium test (TDT) P ¼ 0.001). 8 Moreover, the IL8-251A allele tended to be associated with increased IL-8 production in whole blood stimulated with lipopolysacharride (LPS) (P ¼ 0.07). 8 The IL8-251A allele may be a functional variant itself through modulating the binding of transcription factors to the promoter region of IL-8, or it may be in linkage disequilibrium with a functional variant that lies within or close to the IL-8 gene. A subsequent study showed that in a European population there are nine different haplotypes. 9 Of the nine haplotypes identified there are two predominant halpotypes (Figure 1 ), named haplotype 1 (À251A/ þ 396T/ þ 781C/ þ 1238insA/ þ 1633C/ þ 2767A) and haplotype 2 (À251A/ þ 396G/ þ 781T/ þ 1238delA/ þ 1633T/ þ 2767T) that differ at multiple sites. In the European population the IL-8 À251A bronchiolitis association was refined with the addition of the þ 781 polymorphism. Haplotype 2, which contains the À251A and þ 781 T alleles, is associated with RSV-bronchiolitis disease susceptibility (transmission/disequilibrium test (TDT) P ¼ 0.0008). A similar rarer haplotype, named haplotype 3, which included the À251A and the þ 781C SNPs, was not associated with RSV-induced bronchiolitis disease severity (transmission/disequilibrium test (TDT) P ¼ 0.3). This suggests that the functional allele might lie on chromosomes of haplotype 2 and that the À251A itself may not be functional. 9 Allele-specific expression of autosomal nonimprinted genes has been shown to be relatively common in primary cells and could serve as a means of identifying genes that exihibit cis-acting regulatory variation.
10,11
Here we present evidence showing that in primary respiratory epithelial cells derived from a European population and heterozygous for IL-8 haplotypes 1 and 2, there is a significant increase in in vivo haplotypespecific transcription of haplotype 2 compared with haplotype 1. In order to determine a mechanism for this difference in haplotype-specific transcription, we examined six SNPs in the IL-8 promoter and gene for differences in protein-DNA interactions and investigated the promoter SNP at position À251 for functional properties using transient transfection assays. We show that the À251 polymorphism has no functional effect on reporter gene activity in A549 cells and exhibits no significant differences in protein-DNA binding. However, we show significant differential protein-DNA binding at the þ 781 polymorphism and demonstrate that the transcription factor C/EBP b binds in the presence of the þ 781T (haplotype 2) but not with the þ 781C polymorphism seen on haplotypes 1 and 3.
Results
In vivo haplotype-specific transcription of IL-8 in primary respiratory cells Six SNPs were used to define the IL-8 haplotype 1 and haplotype 2 ( Figure 1 ). The þ 2767 polymorphism is present in the mature mRNA and was used to assess the relative abundance, as measured by primer extension mass spectrometry (PE/MS), 12 of the transcripts derived from each of the two haplotypes. To assess the accuracy of the PE/MS method with the þ 2767 SNP, we prepared a standard curve by mixing genomic DNA at different ratios from two individuals who were homozygous for the þ 2767A and þ 2767T alleles (Figure 2a ). We observed a close linear relationship between the ratio of the alleles and the observed ratio of peak areas (r 2 ¼ 0.95). The SNP þ 2767 shows a systematic difference in signal intensity from the expected value of 1:1 with genomic DNA. Since we expect the genomic DNA to represent a 1:1 ratio between alleles the average difference from 1 in the genomic samples was used to provide a correction factor that was applied to both the genomic and cDNA samples for each experiment as previously demonstrated. 10 To investigate whether TNF induced haplotype-specific transcription of IL-8, we harvested primary respiratory epithelial cells from eight individuals heterozygote for haplotypes 1 and 2. The maximal IL-8 production from primary epithelial cells was observed by 3 h after stimulation with 30 ng/ml of tumor necrosis factor-a (TNF) (data not shown). Stimulation with purified RSV resulted in lower level IL-8 production which, given the relatively small number of primary cells, was not sufficient for allele-specific expression analysis. The abundance of the two alleles from the þ 2767 SNP transcribed marker was quantified by PE/MS. For each individual, the ratio of the þ 2767A allele (haplotype 1) over the þ 2767T allele (haplotype 2) in the cDNA and genomic DNA were compared. The relative abundance of the haplotype 2 transcript when compared with that of haplotype 1 transcript was significantly increased over time reaching a ratio of 0.94 at 6 h (P ¼ 0.037) (Figure 2b ). To explore whether the in vivo allele-specific difference demonstrated in primary respiratory epithelial cells was present in other primary cells, we harvested primary lymphocytes from six individuals heterozygote for haplotypes 1 and 2. After stimulation with LPS we observed no significant increased transcription for one IL-8 haplotype over another (Figure 2c ).
Functional studies of the IL-8 promoter À251 polymorphism in response to TNF stimulation Further investigation of IL-8 haplotype-specific expression in primary respiratory epithelial cells was conducted using in vitro methods in A549 cells, which are the most commonly used cell line for studying IL-8 expression in response to TNF and RSV. [13] [14] [15] [16] Of the six SNPs comprising haplotypes 1 and 2, only the À251 SNP precedes the translational start site of IL-8 that occurs in the first exon. Given the complexity of transcription factor binding sites in the IL-8 promoter, we constructed reporter plasmids containing 1409 base pairs of the 5 0 flanking region of the IL-8 gene differing only at the À251 position (Figure 3 ) so that we might assess the À251A and À251T alleles within normal sequence of regulatory elements. Transfection of these IL-8 constructs into A549 cells showed that maximal luciferase activity occurs 14 h after TNF stimulation. Both the 1409(À251T) and 1409(À251A) constructs showed significant luciferase induction following TNF stimulation (Table 1) with on average higher expression for the 1409(251T) Binding of nuclear factors to polymorphisms within the IL-8 promoter and gene Electrophoretic mobility shift assays (EMSA) were used to test whether the observed differences in primary respiratory cell haplotype-specific expression of IL-8 could be due to differential binding of transcription factors at SNPs within the IL-8 haplotypes. EMSAs using nuclear extracts from A549 cells stimulated with TNF and probes corresponding to each allele of the À251, þ 396, þ 781, þ 1238, þ 1633, and þ 2767 SNPs . As the degree of differential binding between alleles was less distinct this complex was not studied further. In addition, EMSA experiments showed some binding of nuclear factors to the þ 396 and þ 2767 polymorphisms (Figure 4a ), which on further testing using competition proved to be nonspecific and were not examined further.
Characterisation of the allele-specific constitutive complexes binding to the IL-8 promoter þ 781T polymorphism Inspection of the sequence surrounding the þ 781 SNP showed that a C/EBP b consensus binding site (5 0 -RTTGCCGYAAY-3 0 , where R ¼ A or G and Y ¼ C or T) 17 was present on the forward strand of the þ 781T allele (GTTGTTCAAT) but was disrupted on the þ 781C allele (GTCGTTCAAT). We tested whether C/EBP b was a component of the allele-specific constitutively binding complex I seen on the þ 781T probe in A549 cells by using specific antibodies to C/EBP b. We observed a partial reduction in complex 1 band intensity and a shifted band (Figure 6a , lane 2), whereas incubation of anti-C/EBP b antibody with the þ 781C probe had no effect (lane 4). To confirm C/EBP b specific binding to the þ 781T probe, we performed additional experiments using whole extracts from COS- After incubation in media containing the appropriate stimulant (b) 30 ng/ml TNF for Primary Nasal Epithelial cells; (c) 10 mg/ml LPS for primary lymphocyte cells mRNA was extracted at the times shown and analyzed by RT-PCR using primers specific for the þ 2767A and þ 2767T polymorphisms. For each individual, cDNA and genomic DNA were amplified in four independent PCR reactions, which in turn were each spotted as four replicates on the spectroCHIP before PE/MS. After correction for systematic difference in signal intensity, the þ 2767 allelic ratio for genomic DNA was compared with that of the cDNA for each individual by a paired t-test. Genome represents the þ 2767 allelic ratio for genomic DNA. Values are expressed as the mean ratio7the standard error of the mean of the þ 2767A allele over the þ 2767T allele. 
Discussion
Previously we have shown that the À251A SNP was associated susceptibility to severe RSV-induced bronchiolitis 8 and that this association was shown to include the SNPs comprising haplotype 2 9 ( Figure 1 ). In this paper we show that in primary respiratory epithelial cells heterozygous for haplotypes 1 and 2, mRNA derived from haplotype 2 was detected significantly more than that from haplotype 1. This might occur through either increased transcription or through increased mRNA stability of haplotype 2 as compared with haplotype 1. This is one of the few studies demonstrating that a gene associated with disease susceptibility is subject to in vivo allele-specific expression in primary cells. 18 The increased abundance of mRNA from haplotype 2 is compatible with the observation that the concentration of IL-8 is correlated with severe disease 7 and that severely affected individuals have increased neutrophil infiltration in the lungs. 3, 4 The effect of the haplotype on mRNA abundance appeared to be cell specific as it was observed in primary respiratory epithelial cells but was not seen in primary lymphocyte cells. Though the size of the difference in mRNA detected between the two haplotypes was modest (6%), it remains statistically significant and may be of biological importance for the following reasons. IL-8 is a potent chemotactic agent for neutrophils in humans and the haplotypes we have studied occur frequently (Figure 1 ). Small differences in the levels of gene expression could have important effects on disease outcome and affect a high proportion of the population. The IL-8 mRNA production measured here occurred in the context of primary respiratory cells isolated from other cell types such as neutrophils and macrophages. Both neutrophils and macrophages are known to play an important role in the host response to RSV infection and may influence the degree of allele specific expression of IL-8 that occurs in epithelial cells. The study design used cells heterozygous for the allele of interest allowing the detection of small variations in allele-specific transcription independent of other host, environmental and technical factors. 12, 19 The host and environmental factors may be one reason why, like a number of other studies, we observed differences for allele-specific expression of IL-8 between individuals. 10, 11, 19, 20 There are three technical aspects to these data that require further consideration. Firstly, verifying the observed allele-specific expression of IL-8 by testing additional marker SNPs is limited as the þ 2767 SNP is the only transcribed marker. Application of other methods of in vivo allele specific expression, such as haploCHIP, 12 to certain types of primary cells may be impractical as it requires large numbers of cells to obtain sufficient chromatin for immunoprecipitation. Secondly, the systematic allelic difference in PE/MS signal intensity seen with the þ 2767 SNP using genomic DNA is well described for other polymorphisms 12 and usually relates to biases in primer design. 21 Thirdly, we chose to use TNF as a stimulus for IL-8 activation and not RSV as purified RSV produces a smaller IL-8 response from respiratory cells. This would have produced an insufficient quantity of IL-8 transcript for the allele-specific assay as modest numbers of primary respiratory cells were obtained from each patient at the time of harvest.
Since the publication of the original association studies for the IL-8 À251A allele 8, 9 that same allele has been associated with susceptibility to tuberculosis 22 enteroaggregative E. Coli diarrhea, 23 prostate cancer, 24 and greater IL-8 protein production. 23 However, the association with haplotype 2 was not reproduced in the context of these other disease states though this may have been due to the smaller sample size used in these studies. 22, 23 We reported that association between the IL-8 À251A allele and RSV-induced bronchioilitis was further refined by halpotype analysis which suggested that the functional allele might lie on chromosomes of haplotype 2 and that the À251A may not be the functional SNP. 9 We have examined the À251 SNP through transient transfection experiments and found higher luciferase expression for the 1409(251T) construct after stimulation with TNF, but no difference between the 1409(251T) and 1409(251A) constructs when the fold changes of stimulated over nonactivated cells were compared. The fold change in reporter gene expression represents the most robust measurement of allele-specific promoter effect as it controls for any variation in DNA extraction or concentration between the constructs being compared. These potential confounders in the comparison of the reporter gene expression levels could only be resolved after many rounds of independent plasmid preparations. We Upregulation of IL-8 disease-associated haplotype D Hacking et al conclude therefore that there is no significant difference between the À251T allele, found in haplotype 1, and the À251A allele, found in haplotype 2. In the absence of a clear functional effect at the À251 polymorphism we sought to look at the other SNPs in the haplotype. Testing for the function of the remaining SNPs is complicated by both their position in intronic and untranslated regions of the IL-8 gene and their location beyond the translational start of IL-8 which occurs in exon 1. This latter factor prevents the design of a construct where the remaining SNPs can be assessed in the context of the normal sequence of regulatory elements found in the promoter. To overcome this technical limitation EMSA studies were used to test for allele-specific protein-DNA binding.
Analysis of the SNPs in the haplotypes with the MATINSPECTOR/TRANSFAC program 25 gave no clear predictions for allele-specific binding of transcription factors at these polymorphisms. In the absence of a candidate SNP for allele-specific binding of nuclear proteins we screened all six of the SNPs in the haplotype using in vitro methods. Of the six assayed, significant allele-specific binding was seen only at the þ 781 SNP. We have demonstrated that C/EBP b was a part of the complex I that bound in a constitutive manner specifically in the presence of the þ 781T allele. These data suggest that C/EBP b may bind to haplotype 2, which is associated with susceptibility to RSV-induced bronchiolitis but not to haplotypes 1 and 3 that have no disease association.
C/EBP b has an important general role in the regulation of inflammation 26 and is strongly induced by inflammatory stimulate such as TNF 27 and RSV. 28 Detailed studies of IL-8 expression have shown that AP-1, IFN regulatory factor (IRF)-1 and C/EBP b are all necessary for RSV-induced induction of the IL-8 promoter. 13, 29 Moreover, NF-kB and C/EBP b binding at the promoter synergistically activate IL-8 in response to Figure 4 Screening for differences in allele-specific binding of nuclear proteins at IL-8 polymorphisms using EMSAs with nuclear extracts from A549 cells after incubation with TNF (a) or RSV (b). (a) When incubated with nuclear extracts from A549 cells, no significant allele specific differences in binding could be seen at the À251 (lanes 1 and 2) , the þ 1238 polymorphism (lanes 7 and 8) and the þ 1633 polymorphism (lanes 9 and 10). Allele-specific differences in binding were seen at the þ 396 polymorphism (lanes 3 and 4) þ 781 polymorphism (lanes 5 and 6) and the þ 2767 polymorphism (lanes 11 and 12) (indicated by the arrows). The specificity of the differential binding seen at the þ 396 and the þ 2767 polymorphisms was not confirmed in subsequent competition experiments (data not shown). (b) Differential binding at the þ 781 SNP (lanes 1 and 2) was confirmed by EMSA studies using nuclear extracts from A549 cells stimulated with RSV (indicated by the arrows). No differential binding was seen for the À251, þ 396, þ 1238, þ 1633 and the þ 2767 polymorphisms in nuclear extracts from RSV stimulated cells (data not shown).
Upregulation of IL
TNF. 30 Intriguingly, we found that C/EBP b binds to the haplotype that has significantly increased transcription. To our knowledge recruitment of C/EBP b has not previously been modulated by an intronic polymorphism. It is possible that C/EBP b could influence transcription from this location either by interacting with NF-kB through long-range interactions with the promoter as has been shown for c-Myb 31 or through interaction with components of the RNA transcriptassociated heterogeneous nuclear ribonucleoprotein (hnRNP) complexes such as hnRNP K. 32 Further experiments are needed to address the specificity and functionality of C/EBP b binding to the þ 781T polymorphism in vivo. 6) and þ 781C allele (lanes 7-12) in EMSA with nuclear extracts from A549 cells harvested after no activation (NA) and after stimulation with TNF. Unlabelled competitor oligoduplex probes were added in molar excess as shown in lanes 3-6 ( Â 10T and Â 100T refer to Â 10 and Â 100 molar excess of unlabelled 781T probe respectively) and lanes 9-12 ( Â 10C and Â 100C refer to Â 10 and Â 100 molar excess of unlabelled 781C probe respectively). Complex I (C1) bound specifically to the þ 781T probe. Complex II (C2) bound to the þ 781C probe (lanes 7 and 8) with greater affinity than the þ 781T probe (lanes 1 and 2) . (b) Probes were used corresponding to the þ 781T allele (lanes 1 and 3-7) and þ 781C allele (lanes 2 and 8-12) in EMSA with nuclear extracts from A549 cells harvested after NA and after stimulation with RSV. Unlabelled competitor oligoduplex probes were added in molar excess as shown in lanes 4-7 ( Â 10T and Â 100T refer to Â 10 and Â 100 molar excess of unlabelled 781T probe respectively) and lanes 9-12 ( Â 10C and Â 100C refer to Â 10 and Â 100 molar excess of unlabelled 781C probe respectively). Complex I (C1) bound specifically to the þ 781T probe.
Upregulation of IL-8 disease-associated haplotype D Hacking et al
The demonstration that primary respiratory cells show increased expression of a haplotype that is associated with susceptibility to RSV-induced bronchiolitis emphasizes the importance of respiratory epithelial cells in initiating the inflammatory response associated with severe disease. However, IL-8 is only one of a number of important inflammatory mediators released by respiratory epithelial cells in response to RSV infection. 33 It would be advantageous to apply studies of allele-specific expression more widely to screen for regulatory polymorphisms in other inflammatory mediators important to RSV pathogenesis.
Materials and Methods
Primary respiratory epithelial cell harvest and culture Consent to approach patients for anonymous tissue collection was obtained from the Oxfordshire research ethics committee (OXREC 99/5/27). Healthy adult patients admitted to the John Radcliffe Hospital for routine day surgery were consented for primary nasal epithelial cell harvest by oribrush cell collector (Orifice Medical AB, Henleys Medical, Welwyn Garden City, United Kingdom (UK)) brushes under general anaesthetic. Cell collections were taken by brushing on the lateral wall of the nasopharynx below the inferior turbinate. The cells from each nostril were then pooled in 4 ml of Kaighn's modified media (F12K) (Invitrogen, Paisley, UK) supplemented with 30 ng/ml TNF (SigmaAldrich, Poole, UK). They were then divided into two aliquots of 2 ml and incubated at 371C in 5% CO 2 for 3 and 6 h respectively. All patients had a 5 ml venous blood sample taken for genotyping for À251, þ 781 and þ 2767 SNPs in the IL-8 gene and to act as source of genomic DNA. Regular smokers were excluded. All cell collections were checked under a microscope for the presence of motile cilia indicative of the presence of ciliated columnar epithelial cells. A total 30 patients were recruited all of whom were Caucasian in ethnic origin. There were 21 women and nine men. Genotyping showed that eight of the patients were heterozygous for the haplotypes 1 and 2.
Primary polymorphonuclear and mononuclear cell harvest and culture In total, 15 healthy adult volunteers agreed to be genotyped for the À251, þ 781 and þ 2767 SNPs. Of those volunteers six were heterozygote for the haplotype. Those six donated 20 ml of venous blood from which the polymorphonuclear cells and mononuclear cells were separated using Polymorphprep (Axis-Shield UK Ltd, Huntingdon, UK). Approximately 8 Â 10 4 cells were incubated in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich) for 3 or 6 h with LPS (SigmaAldrich) at a concentration of 10 mg/ml, or harvested as an unstimulated control. mRNA extraction and cDNA synthesis mRNA extraction and cDNA synthesis were performed with QuickPrep micro mRNA Purification kit (Amersham Pharmacia, Little Chalfont, UK) and first-strand cDNA synthesis kit (Amersham Pharmacia) respectively according to the manufacturer's instructions.
Primer extension and mass spectrometry (PE/MS) First round PCR amplification was performed using 50 ng genomic DNA or cDNA in a 20 ml reaction volume using 0.025 U Biotaq (Bioline, London, UK) in 1 Â PCR The reactions were denatured at 961C for 4 min followed by five cycles of: 961C for 45 s; 561C for 45 s; 721C for 30 s and then 30 cycles of: 941C for 45 s; 651C for 45 s; 721C for 30 s and finished by a final extension at 721C for 10 min. Amplification was carried out in skirted 96-well plates using an MJ Tetrad thermal cycler. Each PCR reaction was subaliquoted into four wells on a 384 well plate, 4 ml per well. Nonincorporated dNTPs were removed using shrimp alkaline phosphatase by incubating at 371C for 20 min followed by 851C for 5 min. Primer extension was performed using homogeneous MassEX-TEND reaction (Sequenom, San Diego, California, USA) comprising a mix of 100 mM extension primer (CCAGT TAAATTTTCATTTCAGATA), 0.576 U MassEXTEND enzyme, buffer and a termination mix of dATP, ddTTP, ddCTP and ddGTP. Primer extension was performed at 941C for 2 min then 40 cycles of 941C for 5 s, 521C for 5 s and 721C for 5 s. Products of primer extension were desalted using SpectroCLEAN (Sequenom) resin and transferred onto a SpectroCHIP (Sequenom) microarray by SpectroPOINT (Sequenom) nanolitre dispenser. Matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI-TOF) analysis was performed using a SpectroREADER (Sequenom) mass spectrometer.
Cell culture, transfections and luciferase assay All cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Human A549 pulmonary type II epithelial cells (A549) and COS-7 cells were maintained as described previously. 13, 34 All media for cell line culture was supplemented with 100 U/ml penicillin (Sigma-Aldrich), 100 mg/ml streptomycin (Sigma-Aldrich), 2 mM glutamine (Sigma-Aldrich) and 10% heat treated fetal bovine serum (SigmaAldrich). A549 cells were transiently transfected with 1.4 kb of the IL-8 promoter region containing either the À251T or the À251A allele Transient using Fugene 6 nonliposomal reagent, according to the manufacturer's instruction (Roche Diagnostics, Lewes, UK). Luciferase activity was corrected for transfection efficiency using a co-transfected renilla-luciferase construct with the experimental vector at a ratio of 1 : 50. After 24 h, the cells were stimulated with TNF and then harvested 14 h later and processed according to the Dual-Luciferase reporter assay system protocol (Promega Corporation, Southampton, UK).
IL-8 construct The 1.4 kb. 5 0 -flanking promoter region of the IL8 gene was obtained by PCR IL-8 gene amplification of human genomic DNA and cloned into the basic pGL2 vector that contains the firefly luciferase gene in the absence of DNA that confers any transcriptional activity.
C/EBP b construct
The original CMV-NFIL6 construct was a kind gift from Dr Akira. The EcoRI/SalI fragment, encoding the fulllength protein was subsequently recloned into EcoRI/ XhoI pcDNA3.
Nuclear extracts and EMSA Oligoduplex probes were radiolabeled with [a-
